Background: Diabetic nephropathy (DN) is a major cause of chronic kidney disease around the world.
Introduction
Diabetic nephropathy (DN) is a major cause of chronic kidney disease around the world and has a high morbidity and mortality rate due to end stage renal disease. 1 The common therapies for DN include good control of hyperglycemia and blood pressure, and inhibition of the renin-angiotensin-aldosterone system. 2, 3 However, these treatments can only suppress the progression of DN, and can't reverse the established complications. Hence, developing novel and effective strategies for DN treatment is urgently required.
The endoplasmic reticulum (ER) is an important organelle for the folding and processing of newly synthesized proteins. Accumulation of misfolded and unfolded proteins in the ER under pathophysiological stress will lead to ER stress and activate a well-conserved intracellular signaling pathway known as the unfolded protein response (UPR).
4,5 UPR consists of three highly coordinated signaling pathways including the activating transcription factor-6 (ATF6), PKR-like ER protein kinase (PERK) and the inositol-requiring enzyme-1 (IRE1a). 6 Moderate ER stress promotes cell survival while excessive ER stress may lead to cell injury and death. It is reported that ER stress plays vital roles in various types of diseases such as cancer, diabetes and cardiovascular diseases. [7] [8] [9] Recent studies indicated that ER stress was also involved in the pathophysiology of various renal diseases including DN. 10 Research by Cheang reported that ER stress was augmented and correlates with podocyte injury, proteinuria and disease in diabetic mice and DN patients.
11 Therefore, reducing ER stress may attenuate renal damage during DN progression.
Ligustrazine (Lig) is an alkaloid isolated from the rhizoma of traditional Chinese herb Ligusticum wallichii and is reported to exert anti-oxidant, anti-inammation and anti-brosis effects.
12
Lig is oen used to treat a variety of vascular diseases. 13 Chen elucidated that Lig could alleviate acute pancreatitis by accelerating acinar cell apoptosis.
14 Moreover, Lig can also protect kidneys from renal ischemia/reperfusion injury. 15, 16 However, the effects of Lig on DN and the underlying mechanism haven't been discussed before.
In our present study, we aimed to study the inuence of Lig on the treatment of DN. Our study demonstrated that the renoprotective effects of Lig are associated with the attenuation of ER stress via inactivating MAPK pathways.
Materials and methods

Statement
The animal experiments in this study were approved by the Animal Care and Research Committee of Sichuan Academy of of sterile saline respectively. Rats were kept in individual metabolic cages for 24 h urine collection at the end of treatment. Urine was centrifuged at 800 Â g for 10 min at 25 C prior to testing. At the end of 8 weeks of treatment, rats were anesthetized with pentobarbital sodium and blood samples taken from the abdominal aorta, and then centrifuged for 15 min at 2000 Â g to obtain plasma for measuring biochemical parameters. Aer sacriced, the kidneys from rats were also collected for RNA preparation/protein extraction or histology and immunostaining.
Assessment of renal dysfunction
Urinary albumin concentrations were measured using an ELISA Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions. Blood urea nitrogen (BUN), serum creatinine (Scr) and urea creatinine were measured using an automatic biochemistry analyzer (Hitachi Model 7600, Hitachi High-Technologies, Tokyo, Japan). Creatinine clearance (Ccr) was computed using the following formula: creatinine clearance [Ccr] (ml min À1 ) ¼ [urea creatinine/serum creatinine] Â urine volume (ml).
Enzyme linked immunosorbent assay (ELISA)
The levels of proinammatory cytokines (IL-8, IL-6, IL-1b and TNF-a) in kidney homogenate were estimated by specic ELISA kits according to the manufacturer's instructions (Sigma Aldrich (St. Louis, MO, USA)). The concentration of cytokines was determined spectrophotometrically at 450 nm. Standard plots were constructed and the concentrations for unknown samples were calculated from the standard plot. The analysis was done according to the manufacturer's instructions. 
TUNEL assay
Colorimetric TUNEL Apoptosis Assay Kit (Beyotime Institute of Biotechnology, Jiangsu, China) was used for apoptosis index measurement. Tissues slices were incubated in the TUNEL reaction mixture followed by 3% H 2 O 2 . DAB was used for visualizing the sections. Hematoxylin was used for counter-staining. The numbers of TUNEL-positive cells of 6 random elds were counted under light microscopy. The apoptosis index was calculated as the percent of TUNEL-positive cells relative to the total cells.
Western blot analysis
Proteins were extracted from tissues using RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) and total protein concentration was measured using the BCA method. Equal amount of proteins were separated by 10% SDS-PAGE gel and then transferred into PVDF membranes. Aer blocking with nonfat milk at room temperature for 1 h, membranes were incubated with primary antibodies at 4 C overnight. The following antibodies were used (at 1 : 1000 dilution): GRP78 (ab21685, Abcam, Cambridge, UK), CHOP (sc-575, Santa Cruz, Dallas, TX, USA), phospho-eIF2a (#3398, Cell Signaling Technology) (CST), eIF2a (#5324, CST), p-p38 (#4511, CST), p-38 (#8690, CST), p-ERK1/2 (#4370, CST), ERK1/2 (#4695, CST) and GAPDH (#5174, CST). Aer incubating with horseradish peroxidase (HRP)-linked secondary antibody for 1 h at room temperature, immunodetection was performed by chemiluminescence.
Statistical analysis
Data was expressed as the mean AE standard deviation (SD) of independent experiments. All statistical analysis was performed with SPSS 19.0. Group comparisons were performed using Student's t test or one-way ANOVA. The difference was considered statistically signicant at P < 0.05.
Results
Lig attenuates renal damage in DN
Assessment of renal dysfunction was conducted in our study and the results were shown in Fig. 1 . Compared with the control group, the rats injected with STZ to induce diabetes (STZinduced model group) showed signicantly higher 24 h urinary protein (PRO) extraction, BUN, Scr levels and lower Ccr level. Aer STZ-induced diabetes rats received Lig treatment for 8 weeks, the 24 h PRO, BUN and Scr levels were reduced while Ccr level was increased in a dose-dependent manner (*P < 0.05, **P < 0.01, # P < 0.05). These results indicated that Lig attenuated the functional abnormalities present in diabetic nephropathy dose-dependently.
Lig suppresses inammation and apoptosis in DN
The levels of inammatory cytokines IL-8, IL-6, IL-1b and TNFa in kidney of rats were determined by ELISA assay, and the results were shown in Fig. 2A-D. As shown, the levels of IL-8, IL-6, IL-1b and TNF-a were remarkably up-regulated aer induction of diabetes by STZ treatment in rats. However, Lig treatment decreased the high levels of IL-8, IL-6, IL-1b and TNFa induced by STZ in a dose-dependent manner ( Fig. 2A -D, *P < 0.05, # P < 0.05). Moreover, results from TUNEL assay showed that apoptosis rate was increased in STZ-induced diabetes mice and Lig suppressed this high apoptosis rate induced by STZ dose-dependently (Fig. 2E) . Our data suggested that Lig suppressed inammation and apoptosis in DN.
Lig alleviates ER stress in DN
Compared with control group, relative expression of ER stress related proteins GRP78, CHOP and p-eIF2a/eIF2a ratio were signicantly increased, indicating that STZ did induce ER stress in the kidney. However, the induction of ER stress by STZ was blocked by Lig treatment in a dose-dependent manner (Fig. 3A -D, **P < 0.01, # P < 0.05, ## P < 0.01). Our nding demonstrated that Lig alleviated STZ-induced ER stress in DN.
Lig inactivates MAPK pathways in DN
As shown in Fig. 4 , the level of p-38 and ERK phosphorylation in STZ-induced mice model was much higher than the control group, indicating that p-38 and ERK MAPK pathways were activated in STZ-induced diabetes mice. Aer Lig treatment for 8 weeks, the ratios of p-p-38/p-38 and p-ERK1/2/ERK1/2 were signicantly decreased in a dose-dependent manner (Fig. 4A -C, **P < 0.01, # P < 0.05), suggesting that Lig inactivated MAPK pathway in DN.
Discussion
DN is one of the most common causes of chronic kidney disease. STZ-induced diabetes animal model is oen considered as a suitable experimental model for DN study. This animal model is characterized by moderate and stable hyperglycemia, considerably altered glucose-roused insulin secretion and glucose intolerance which are similar to the features of human diabetes. 17 In our present study, Lig was used for the treatment of STZ-induced diabetes rat model and our results demonstrated that Lig attenuated renal damage in STZ-induced DN by inhibiting ER stress via inactivating MAPK pathways.
Development of DN is characterized by increased plasma levels of creatinine and BUN in STZ-induced diabetic rats. 18 In Fig. 3 Lig alleviates ER stress in DN. (A-D) Relative expression of GRP78, CHOP, p-eIF2a and eIF2a in different groups was detected by Western blot. **P < 0.01 compared with control group, our present study, we observed higher 24 h urine protein, BUN, Scr and lower Ccr in STZ-induced diabetes rats compared with control group, which in agreement with earlier reports.
19,20
Administration of Lig signicantly restored renal functions by decreasing 4 h urine protein, BUN, Scr and increasing Ccr dosedependently in STZ-induced diabetes rats, suggesting that Lig might potentially be an effective agent that could exert bene-cial effects on kidney tissues. Accumulating evidence indicated that pro-inammatory cytokines including IL-8, IL-6, IL-1b and TNF-a played important roles in the development and progression of DN. Theses pro-inammatory cytokines were reported to be involved in the development of interstitial brosis in both diabetic patients and experimental models. 21, 22 TNF-a can generate reactive free radicals in mesangial cells to produce direct renal damage. IL1b is also involved in the development of irregularities in intraglomerular hemodynamics.
23 IL-1b in association with TNF-a may aggravate expression of induced nitric oxide synthase and cellular cyclic guanosine monophosphate (cGMP) concentrations in mesangial cells, which nally causes tissue injury and contributes to hyperltration and microalbuminuria. 24, 25 Recent studies have demonstrated a signi-cant association between IL-6 and glomerular basement membrane thickening. 22 Therefore, we determined the levels of IL-8, IL-6, IL-1b and TNF-a in kidney tissues with or without STZ treatment. Our results showed that the levels were signicantly elevated in STZ-induced model group which kept consistent with previous studies. Administration of Lig down-regulated the levels of IL-8, IL-6, IL-1b and TNF-a remarkably. Moreover, STZ causes pancreatic b cell apoptosis and develops an experimental model for the type 1 diabetes mellitus. 17 Here, we observed that STZ also increased the number of apoptosis cells in the kidney. Lig treatment decreased apoptosis cells number in a dosedependent manner. Hence, we concluded that Lig could inhibit leakage of pro-inammatory cytokines to suppress inammatory reaction and also inhibit cell apoptosis in kidney.
ER stress occurs when the capacity of ER to fold proteins is overwhelmed. In response, UPR pathways are activated to increase the capacity to fold proteins. However, if the response is insufficient, then apoptosis ensues. Previous study indicated that proteinuria and hyperglycemia generated reactive oxygen species and required increasing synthesis of membrane proteins in the kidney, which could induce ER stress in renal epithelial cells.
26 ER stress was also reported to contribute to glomerular diseases with proteinuria. 27 Qi reported that suppressing ER stress could attenuate STZ-induced DN in rats.
28 GRP78 is a crucial regulator of ER homeostasis and is involved in the activation of the ER stress response. 6 CHOP is an important mediator of cell death in response to ER stress. 29 During ER stress, the eIF2a-ATF4 pathway is activated and eventually leads to apoptosis. 30 In our study, we found that Lig signicantly alleviated ER stress induced by STZ through inhibiting GRP78 and CHOP expression and phosphorylation of eIF2a. MAPK signaling pathways control the expression activity of a broad range of transcription factor genes. The activation mechanism of the MAPKs family is characterized by 3 levels of enzymatic reaction of phosphorylation. 31 The family includes ERK, JNK, p-38 and ERK5. 32 Inhibition of MAPK pathways was reported to attenuate DN in a great number of previous studies. 33, 34 Moreover, study from Chen demonstrated that Lig alleviates acute pancreatitis by accelerating acinar cell apoptosis at early phase via the suppression on p38 and Erk MAPK pathways.
14 In agreement with these previous studies, we observed that phosphorylation of p-38 and ERK1/2 was highly up-regulated in STZ-induced model group. However, Lig treatment suppressed phosphorylation of p-38 and ERK1/2 in a dosedependent manner. Our results suggested that Lig suppressed activated p-38 and ERK MAPK pathways in DN.
Taken together, our study showed that the use of Lig seems to be effective to attenuate renal damage by inhibiting ER stress in DN via suppressing p-38 and ERK MAPK pathways. Therefore, Lig may have a therapeutic effect on patients with DN. 
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